Aquaculture
Introduction
The curimba species belongs to the Prochilodontidae family and has a wide distribution in the basins of South America (Reis et al., 2003) , with both ecological and commercial importance. It is characterized by fast embryonic development, non-adhesive eggs, a large perivitelline space, and a large yolk, all of which are necessary characteristics for use as a biological model for cryopreservation studies (Rizzo et al., 2003; Ninhaus-Silveira, 2007) .
The use of biotechnology for gamete cryopreservation has been successfully applied to prolong the viability of gametes, mainly using refrigeration and freezing techniques (Zaniboni-Filho and Baldisserotto, 2015) . These technologies could provide new perspectives in the cultivation and management of endangered species, such as provide greater viability of gametes and embryos, as well as enabling the deployment and consolidation of genetic material banks. In addition, these techniques could provide embryos for some species in periods when natural spawning does not occur, allowing for an increase in commercial production and conservation.
Cooling consists of maintaining the eggs at low temperatures, but above the freezing point, which reduces metabolic activity, thus prolonging their viability in the external environment. This process has been used as a strategy for conservation and maintenance of gametes for limited time frames of a few hours or even for several days (Paes, 2013; Paula et al., 2014) . Embryos are subjected to low temperatures for a specific time, as a way of preserving them during transport to remote sites, such as when they are taken to a laboratory for incubation (Ahammad et al., 2003) . In this respect, cooling appears to be a viable alternative for short-term preservation. However, the success of the procedure is variable and depends on the species and use of specific cryoprotectants.
Cryoprotectant substances are considered to have a key role in the cryopreservation process, but it is necessary to determine both the type and ideal concentration necessary to prevent possible embryo damage by exposure to low temperatures (Costa et al., 2018) . The fundamental characteristics for an effective permeating cryoprotective agent are low molecular weight, high capacity to cross the cell membrane, and low toxicity. In general, agents with rapid penetration capacity are more efficient because the time of exposure to the cryoprotectant before cooling is shorter, preventing osmotic injuries (Costa et al., 2017) .
Cooling and embryo freezing techniques, as well as cryoprotectant toxicity tests, have been studied in several species of native fish, in both species of economic interest and those endangered; some of the studied species are Piaractus mesopotamicus (Lopes et al., 2014) , Piaractus brachypomus (Pessoa et al., 2015) , Brycon orbignyanus (Fornari et al., 2014; Paes et al., 2014) , and Prochilodus lineatus (Paula et al., 2014; Costa et al., 2017) . Studies with ornamental fish species, such as Danio rerio, have also been conducted (Henn and Braunbeck, 2011; Kais et al., 2013) .
This study aimed to evaluate the effect of using different concentrations of dimethyl sulphoxide (DMSO) and methanol on Prochilodus lineatus embryos while being subjected to cooling for 2, 4, 6, and 8 h at 4 °C.
Material and Methods
The experiments were conducted in the breeding laboratory of a fish farm in Itutinga, Minas Gerais, Brazil (21°19'25.46"; 44°36'58.59"), during the months of November, December, and January, 2009 to 2010. All experimental procedures were performed in accordance with the ethical principles for animal experimentation (case no. 0336/2009).
Five curimba pairs were selected from the broodstock of the environmental station. The breeders were selected according to the reproductive characteristics cited by Woynarovich and Horváth (1989) and Murgas et al. (2012) . Mature males were those able to release a few drops of semen under mild abdominal massage. Females suitable for the hormonal induction of spawning showed a developed abdomen soft to the touch, prominent urogenital papilla with pink or red color, and a slightly open genital orifice.
After selection, breeders were individually weighed to calculate the appropriate hormone dose. We administered 1.0 mL kg −1 of buserelin acetate in two divided doses (25 and 75%) by intramuscular injection at the base of the dorsal fin, for both sexes. Then, breeders were placed in masonry tanks with a capacity of 2000 L, with controlled temperature (28 °C) and continuous water renewal.
Spawning occurred between 8 and 9 h after the second hormonal application; the urogenital papilla and anal fin were wiped with paper towels, avoiding contact of the gametes with water. The gametes were obtained through manual massages of the coelomic wall in the craniocaudal direction.
The spawn of each female was held in a previously cleaned, dry plastic container. The semen of each male was used for the fertilization of each female, thus forming different pairs. We then added water and mixed the gametes through mild agitation, performing consecutive water exchanges for better activation and subsequent fertilization of oocytes. After fertilization, the eggs were placed in 200-L conic incubators, with continuous water flow and controlled temperature (27 °C).
When 80% of the eggs were at the blastopore closing stage with 90% epibolia (about 9 h of incubation), they were observed in a stereo microscope; a sample of viable eggs was collected from the incubator and the foiled eggs were discarded. After draining the excess water with a small plastic sieve, an average Machado et al. 3 of 100±10 embryos were collected and placed in plastic cups with 20 mL of the tested cryoprotectant solutions, namely: water; 0.5M sucrose; 5% DMSO + 0.5M sucrose; 7.5% DMSO + 0.5M sucrose; 10% DMSO + 0.5M sucrose; 12.5% DMSO + 0.5M sucrose; 5% methanol + 0.5M sucrose; 7.5% methanol + 0.5M sucrose; 10% methanol + 0.5M sucrose; and 12.5% methanol + 0.5M sucrose.
Plastic cups containing the embryos were taken to the refrigerator (4 °C). After the determined cooling times (2, 4, 6, and 8 h), embryos from each treatment were removed, the cryoprotectant solution was drained, and the embryos were immediately taken to the 1-L experimental incubators (Paula et al., 2014) to complete their development. From the time of egg hatching, we established a 16-18 hpf (hours post fertilization) period for the evaluation of embryos and larvae. The assessment consisted of defining the number of fertilized eggs and hatched viable larvae. Viable larvae were considered as those showing linear body structure, notochord extending linearly through the body, presence of a well-defined optic vesicle, and yolk sac with an organized appearance, without abnormal vesicles, according to Costa et al. (2017) .
Hatching rate = [number of larvae / number of incubated eggs] × 100
The experimental design was completely randomized in a 2×4×4 factorial (n = 5), with two permeating cryoprotectants (methanol and DMSO) at four concentrations (5, 7.5, 10, and 12.5%) with the addition of 0.5M sucrose as a non-permeating cryoprotectant, exposed to four cooling times (2, 4, 6, and 8 h). In addition, there were two additional 2×4 control treatments (n = 5), one containing 0.5M sucrose and one containing water only, which were also exposed to four storage times (2, 4, 6, and 8 h). In total, 40 treatments were tested in five repetitions, and each treatment was conducted independently, with the pair considered as the experimental unit.
Analyses were performed using Minitab 17 statistical software. Normality was tested using a Shapiro-Wilk test. Variance was analyzed using the ANOVA procedure for a full factorial design, and pairwise comparisons (95%) for the cryoprotectant solutions, concentration, and cooling time were tested. The possible interactions among cryoprotectant solutions, concentration, cooling time, and their independent effect were evaluated through regression analysis.
Results
No significant difference was observed among the cryoprotectants solutions tested, DMSO, methanol, water, and 0.5M sucrose (P>0.05) ( Table 1 ). There was an interaction between cryoprotectant concentration and cooling time (P<0.05), as the increase of these factors caused a significant reduction in the hatching rate of curimba embryos (Figure 1 ). Both methanol and DMSO solutions led to hatching rates above 90% when embryos were kept for 4 h at 4 °C. When the cooling time was increased to 6 and 8 h, we observed a reduction in hatching rate, which was also observed for the water and 0.5M sucrose treatments (Table 1) .
When the percentage of viable hatchlings was evaluated, no interaction was observed between the variables. The percentage of viable larvae was not significantly different (P>0.05) among the cryoprotectant solutions and water and 0.5M sucrose treatments (Table 2 ). However, there was a linear decline in the percentage of viable larvae with an increase in the concentration for both cryoprotectants and cooling time (Figures 2 and 3) . The high concentrations of both DMSO and methanol and longer exposure times at 4 °C, for all solutions tested, including solutions containing only water and 0.5M sucrose (Table 2) , promoted a negative effect on hatching of viable larvae. Cooling of curimba (Prochilodus lineatus) embryos using different concentrations of dimethyl... Machado et al.
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Discussion Zhang et al. (2005) tested concentrations of cryoprotectants for Paralichthys olivaceus embryo cryopreservation: the lowest concentrations showed the lowest toxicity and the highest percentage of embryo survival. Similarly, in this study, lower concentrations of cryoprotectants also showed significantly better results for cryopreservation. The lowest concentrations of methanol and DMSO resulted in similar hatching rates, superior to 90%, which is considered as a great rate for curimba. Urbányi et al. (1997) also obtained a hatching rate of 90% after exposure of Cyprinus carpio embryos to 3.2% methanol (1M); this result differed from that observed by Ahammad et al. (2003) , who found a hatching rate of 74% using 4.8% methanol for rohu (Labeu rohita). C1 -water; C2 -0.5M sucrose; D1 -5% DMSO + 0.5M sucrose: D2 -7.5% DMSO + 0.5M sucrose; D3 -10% DMSO + 0.5M sucrose; D4 -12.5% DMSO + 0.5M sucrose; M1 -5% methanol + 0.5M sucrose; M2 -7.5% methanol + 0.5M sucrose; M3 -10% methanol + 0.5M sucrose; M4 -12.5% methanol + 0.5M sucrose. Lowercase letters in rows differ, and * or ** differ in cryoprotectant, by pairwise comparisons (P<0.05).
Hubálek (2003) considered a concentration of 10% methanol as an ideal composition for the conservation solution of microorganisms. Similarly, several studies used concentrations of 9-10% methanol for fish embryos of species such as Rhinelepis aspera (Fornari et al., 2008) , Colossoma macropomum (Pessoa et al., 2013) , Brycon obignyanus (Fornari et al., 2014; Paes et al., 2014) , Piaractus mesopotamicus (Lopes et al., 2014) , and Piaractus brachypomus (Pessoa et al., 2015) . In this study, we obtained an 80.85% hatching rate with 10% methanol for 6 h of cooling, and Pessoa et al. (2013) observed an 88% hatching rate of Colossoma macropomum embryos treated with a 10% methanol solution. However, other authors observed lower values in different species. For example, Ahammad et al. (2003) observed a 48% hatching rate for Labeu rohita, using 9.6% methanol ; Streit Jr. et al. (2007) obtained hatching rates of 61.22 and 56.52% for DMSO and methanol, respectively, both at a concentration of 10% for pacu (Piaractus mesopotamicus) embryos. For curimba, 10% DMSO and 6 h cooling led to a 77.24% hatching rate.
In general, the use of a combination of permeating and non-permeating cryoprotectant solutions for cooling fish embryos is recommended, since it allows for an increase in hatching rates of the embryos (Costa et al., 2017) . Fornari et al. (2008) obtained a 0% hatching rate for Rhinelepis aspera embryos, using only water and cooling at −8 °C for 6 h. Inversely, Streit Jr. et al. (2007) concluded that Piaractus mesopotamicus embryos can withstand temperatures of up to −7 °C for 4 h without the presence of any cryoprotectant solution. These results were also observed in this study, in which the treatment containing only water had similar hatching rates to the other tested solutions, at 4 °C for 4 h. The embryos of different species of fish may be more or less sensitive to cooling temperature, and the structure of the embryo may have a greater permeability to certain substances.
Cryoprotectants are essential to the process of cooling and freezing, but these agents may cause cell mortality (Chao and Liao, 2001 ). An increase in concentration of cryoprotectant solutions maximized toxicity, because hatching rate and percentage of viable larvae decreased. Cabrita et al. (2003) stated that the effect of each cryoprotectant does not only depend on its chemical properties, but also on embryo species, having shown different results when comparing the action of cryoprotectants in different fish species. Paula et al. (2014) and Costa et al. (2017) observed that cryoprotectant solutions promote numerous morphological lesions, compromising normal embryonic development.
In this study, we did not observe significant difference between cryoprotectant solutions containing DMSO and methanol; however, cooling time caused a reduction in hatching rate of curimba embryos. Excessive exposure time to the cryoprotectant solution, according to Bart and Kyaw (2003) and Costa et al. (2017) , may potentiate the toxic effect of the cryoprotectant agent on the embryo. Pessoa et al. (2013) and Paes (2013) tested different cooling times on Colossoma macropomum and Brycon orbignyanus embryos and observed a significant decrease in the number of larvae as the storage time increased . Streit Jr. (2007) showed that Piaractus mesopotamicus embryos have a higher sensitivity to cold at a temperature of −7 °C, for 6 h, presenting 13.9 and 47.4% of the embryos hatching to DMSO and methanol, respectively. Curimba embryos also showed a higher sensitivity to cold at a temperature of 4 °C for 6 and 8 h.
Solutions that use methanol as the permeating cryoprotectant lead to a higher percentage of viable larvae compared with those in which the permeating cryoprotectant is DMSO. However, this fact was not proven in this study. The efficiency of the permeating cryoprotectant is related to the narrow equilibrium, low toxicity, and high permeability of the cryoprotectant in the embryo. The use of methanol as a cryoprotectant has also shown satisfactory results because of its low toxicity and good permeability in the cell membrane (Hagedorn et al., 1997; Costa et al., 2017) . The positive effects of methanol as a cryoprotectant for fish embryos has been observed in other species, such as Labeo rohita, Catla catla, and Cirrhinus mrigala (Ahammad et al., 2003) , Paralichthys olivaceus (Zhang et al., 2005) , Piaractus mesopotamicus (Streit Jr. et al., 2007; Lopes et al., 2011 Lopes et al., , 2013 , and Brycon orbignyanus (Paes, 2013) .
We observed a linear decline in the percentage of viable larvae with an increase in cooling time. As for hatching rate, we must consider the percentage of viable larvae, action of the temperature, and period 7 of contact with the cryoprotectant. Ferreira et al. (2017) concluded that larva survival is inversely proportional to storage time. The exposure of fish embryos to temperatures near 0 °C always reduces larva hatching rate, even when treated with protective solutions. Chao and Liao (2001) stated that there is a need to determine a balance between the efficiency of the cryoprotectant and the tolerance of embryos to the toxicity of that cryoprotectant.
Streit Jr. (2007) also observed a low percentage of viable larvae (less than 10%) due to heat stress, even at intermediate temperatures of 5 °C and −2 °C. This sensitivity of fish embryos to cold is observed in many species (Pessoa et al., 2012; Oliveira-Araújo et al., 2016) , such as Cyprinus carpio embryos, wherein temperatures of 0 and 4 °C led Dinnyés et al. (1998) to report a sensitivity to cold for this species. Zebrafish (Brachydanio rerio) embryos can tolerate temperature of −15 °C for up to 1 h, but 3 h at this temperature becomes lethal, as noted by Zhang and Rawson (1995) . Thus, a direct relationship between exposure time of curimba embryos at low temperature and the production of viable larvae is evidenced.
Sugars play an important role in the maintenance of osmotic pressure in cryoprotectant solutions (Holt, 2000) . Woelders (1997) highlighted positive properties of sucrose when used with another non-permeating cryoprotectant. The addition of sucrose to cryoprotectant solutions has been used for studies of cooling of embryos of different species of fish, including curimba, with promising results (Zhang and Rawson, 1995; Ahammad et al., 1998; Ahammad et al., 2003; Streit Jr. et al., 2007; Costa et al., 2012; Ninhaus-Silveira et al., 2012; Lopes et al., 2013) . The results observed in this study corroborate with these authors, since the use of 0.5M sucrose in the cryoprotectant solutions tested did not affect the variables analyzed.
According to some studies (Kusuda et al., 2002; Lopes et al., 2011; Pessoa et al., 2012; Oliveira-Araújo et al., 2016; Ferreira et al., 2017) , the death of embryos when exposed to cryoprotectants is generally related to cellular degeneration and proteins of the nuclear membrane, due to dehydration and an increase in salt concentration with cryoprotectant contact. The toxicity of cryoprotectants to fish embryos has been confirmed by Urbányi et al. (1997) , who considered it a significant issue in the development of techniques involving low temperatures.
